Introduction (Huque and Bruch, 1986; Boekhoff et al., 1990) . However, the recent demonstration that mice lacking cyclic Learning and memory are generally thought to involve nucleotide-gated channels are completely anosmic sugchanges in neurons and neural connections in the brain.
gests that all olfactory signaling is ultimately mediated However, recent evidence suggests that learning in the via cyclic nucleotides (Brunet et al., 1996) . olfactory system may also be due to sensitization of the Odorant activation has also been linked to guanylyl peripheral sensory neurons of the olfactory system to cyclase stimulation and increased levels of ciliar cGMP specific odorants (Wang et al., 1993; Nevitt et al., 1994; (Breer et al., 1992; Restrepo et al., 1993) . The role of Semke et al., 1995) . We have used the Pacific salmon guanylyl cyclase in olfactory signal transduction remains (Oncorhynchus) as a model system for studying the celunclear. Cyclic nucleotide-gated cation channels in ollular basis of sensitization of olfactory receptor neurons factory neurons are responsive not only to cAMP, but (ORNs) to specific odorants during olfactory learning.
also to cGMP, suggesting a possible direct role for guaSpecifically, we have characterized the mechanism of nylyl cyclase in olfactory signaling (Nakamura and Gold, olfactory imprinting, a specialized form of learning char-1987; Goulding et al., 1992) . Both soluble and membrane acterized by sensitization to biologically relevant odors receptor forms of guanylyl cyclase have been identified during a sensitive period of development (Hudson, in ORNs (Inge and Ronnett, 1995; Fü lle et al., 1995 Fü lle et al., ). 1993 .
Stimulation of soluble guanylyl cyclase by carbon monoxide or nitric oxide has been linked to adaptation and regulation of odor sensitivity of ORNs (Breer and Shep-function of receptor guanylyl cyclase in olfactory neurons (GC-D) is not yet known, the pattern of GC-D expression in the olfactory epithelium resembles that of the odorant receptor family, suggesting that guanylyl cyclase may also function directly in odor recognition (Fü lle et al., 1995) .
Little is known about the biochemical mechanism of odor recognition and signaling in salmon ORNs. The salmon olfactory system is extremely sensitive; subnanomolar concentrations of odors, including amino acids, prostaglandins, and steroids, can elicit olfactory responses (reviewed by Hara, 1992) . Binding sites for amino acid odorants have been identified in dendritic membranes isolated from olfactory rosettes of several salmonid species (Rhein and Cagan, 1983; Rehnberg and Schreck, 1986; Lo et al., 1991) . In Atlantic salmon (Salmo salar), amino acids stimulate olfactory phospholipase C activity (Lo et al., 1993) . Nevitt and Moody (1992) characterized the electrical properties of ciliated ORNs in coho salmon and demonstrated that intracellular cGMP modulates channel properties. The transduction mechanisms involved in recognition of imprinted odorants in salmon ORNs have not been studied.
To understand the cellular mechanisms underlying enhanced ORN sensitivity to imprinted odors, we exposed juvenile salmon to the odorant PEA and examined the sensitivity of olfactory guanylyl and adenylyl cyclase to PEA during the development of the fish. While adenylyl cyclase sensitivity to PEA was not affected by prior exposure to PEA, stimulation of guanylyl cyclase activity by PEA was greater in olfactory cilia isolated from PEAimprinted salmon compared with PEA-naive fish. Interestingly, this enhanced PEA-sensitivity was only apparent at the time of the homing migration, 2 years after PEA exposure. This suggests that sensitization of olfactory guanylyl cyclase may play an important role in olfactory imprinting by salmon. and behavioral changes that prepare juvenile salmon for life at sea. The PST has been established as a sensitive period for olfactory imprinting (Hasler and Scholz, 1983; preferred arm (arm B) , the choices of salmon in the PEAnaive (p Ͻ 0.90) group were indistinguishable from their Dittman et al., 1996) . A second group of salmon that never experienced PEA was maintained as a PEA-naive responses in the absence of PEA ( Figure 1B ). In contrast, mature salmon that had been exposed to PEA as smolts control. Seventeen months after PEA exposure, PEAexposed and PEA-naive salmon were tested in a twoshowed a greater tendency to enter arm B when PEA was present than in the absence of PEA (chi-square ϭ choice maze for behavioral responses to PEA ( Figure  1A ). At this time, the experimental fish were reproduc-3.97; p Ͻ 0.05; Figure 1B , closed bars). tively mature and would normally be migrating to their natal streams in the wild. In the absence of PEA, salmon Characterization of Coho Salmon Adenylyl and Guanylyl Cyclase in Olfactory Cilia entered arm A of the maze in greater numbers than arm B (p Ͻ 0.05 for both groups), and the proportion of fish
Results
As an initial step in understanding the molecular mechanisms underlying the transduction of imprinted odorentering arm A was the same for both PEA-exposure groups (chi-square ϭ 0.17; p Ͻ 0.99; Figure 1B , open ants, we examined the distribution and regulation of adenylyl and guanylyl cyclase activities in coho salmon bars). When we subsequently metered PEA into the less olfactory tissue. Olfactory cilia isolated from coho was detectable in all tissues with Mn 2ϩ -GTP as a substrate. Addition of the nonionic detergent Lubrol PX insalmon at all life stages contained relatively high levels of adenylyl (150-300 pmol/mg/min) and guanylyl cyclase creased guanylyl cyclase activity in fish cilia ( Figure 2B ) and mammalian olfactory cilia (Steinlen et al., 1990) . (100-400 pmol/mg/min) activity. Basal, 5Ј-guanylyl-␤,␥-imidophosphate-(GppNHp-), and forskolin-stimuGuanylyl cyclase activity in cilia was enriched twofold compared with membranes prepared from whole rolated adenylyl cyclase activities were enriched in olfactory cilia compared to membranes prepared from whole settes but was approximately twofold lower than guanylyl cyclase activity in brain membranes (Fig 2B) . olfactory rosettes (Figure 2A ). Ciliar adenylyl cyclase activity was comparable to adenylyl cyclase activity in brain membranes, a particularly rich source of the enSensitivity of Olfactory Adenylyl and Guanylyl Cyclases to Amino Acid Odorants zyme in mammals (Brostrom et al., 1975) . Like the mammalian type III adenylyl cyclase (Bakalyar and Reed,
We first examined the odorant sensitivity of olfactory adenylyl and guanylyl cyclase activity to L-serine and 1990), salmon olfactory adenylyl cyclase was particularly sensitive to forskolin (7.53-fold stimulation) com-L-alanine, potent olfactory stimulants that salmon respond to without conditioning or prior experience. At pared with brain adenylyl cyclase (3.85-fold stimulation). As in mammals (Anholt and Rivers, 1990; Choi et al., physiological concentrations, L-serine and L-alanine had no effect on adenylyl cyclase activity (Figures 3A and 1992), brain adenylyl cyclase was stimulated directly by Ca 2ϩ and calmodulin (CaM), while activation of the 3B), but were slightly stimulatory at higher concentrations (p Ͻ 0.03 for 100 M L-serine; p Ͻ 0.05 for 100 olfactory enzyme by Ca 2ϩ /CaM required preactivation with GTP analogs (Figure 2A ). Guanylyl cyclase activity M L-alanine). This stimulation was only observed in the Differences between mean values of guanylyl cyclase activity in cilia of amino acid odorants were determined by a two-tailed Student's in the presence or absence of amino acid odorants were determined t test.
by a two-tailed Student's t test.
presence of 20.0 M GTP. Because salmon have greater olfactory sensitivity for L versus D amino acid isomers enzyme activities in the presence of PEA in olfactory (Hara, 1982) , we also tested whether L-serine and cilia isolated from salmon that were either PEA-naive or L-alanine were more effective agonists than their D isohad been exposed to 10 Ϫ7 M PEA as smolts. Because mers. At stimulating concentrations (i.e., 100 M), L-serine olfactory sensitivity to imprinted odorants has been and L-alanine were more effective than the D isomers in linked to maturational state, we conducted experiments stimulating adenylyl cyclase activity ( Figures 3A and 3B) .
using cilia isolated 8 months prior to maturation (FebruGuanylyl cyclase activity was not affected by L-and ary) and also periodically during the period of final D-serine at any concentration tested (Figures 4A and maturation and spawning (October-November). We also 4B). The sensitivity of both adenylyl and guanylyl cyclase assayed the effect of PEA on adenylyl and guanylyl cyto amino acids was similar at all life stages tested.
clase activity in brain membranes to determine the specificity of olfactory responses to PEA.
Sensitivity of Olfactory Adenylyl and Guanylyl
PEA had no effect on cilia adenylyl cyclase activity at Cyclases to Imprinted Odorants concentrations that elicit electrophysiological and beTo test the effects of an imprinted odorant on olfactory adenylyl and guanylyl cyclase activities, we examined havioral responses. However, there was a slight increase Cilia were prepared from 5-20 PEA-exposed or PEA-naive salmon. Brain membranes were prepared from PEA-exposed fish.
(A) Membranes isolated on November 10, 1990 were assayed for adenylyl cyclase activity in the presence of 20 M GTP and PEA as indicated. Data are representative of eight independent experiments. Basal activities in exposed cilia, naive cilia, and brain membranes were 304.3 Ϯ 14.6, 293.0 Ϯ 8.5, and 673.5 Ϯ 33.9 pmol cAMP formed/mg/min, respectively. (B) Membranes isolated on October 13, 1990 were assayed for guanylyl cyclase activity in the presence of 2.5 mM MnCl 2 , 0.5% Lubrol PX, and PEA as indicated. Basal activities in exposed cilia, naive cilia, and brain membranes were 583.2 Ϯ 75.7, 542.3 Ϯ 41.8, and 947.5 Ϯ 131.9 pmol cGMP formed/mg/min, respectively. (C) Membranes isolated from PEA-naive salmon were preincubated in the presence or absence of PTX and assayed for guanylyl cyclase activity in the presence of 2.5 mM MnCl 2, 0.5% Lubrol PX, 100 M GppNHp, and PEA as indicated.
(D) Membranes isolated from PEA-naive salmon were assayed for guanylyl cyclase activity in the presence of 2.5 mM MnCl 2, 0.5% Lubrol PX, and PEA as indicated and either (1) no added effectors; (2) 20 M LY83583; or (3) 20 M methylene blue.
in activity at high PEA concentrations (p Ͻ 0.15 for 100 indicating that cilia preparations were healthy throughout the spawning season (data not shown). Adenylyl M PEA; Figure 5A ). Stimulation was only observed in the presence of 20 M GTP. Data from eight indepencyclase activity in brain membranes was not affected by PEA ( Figure 5A ). dent experiments conducted throughout the year prior to spawning indicated that there was no maturational
In contrast to adenylyl cyclase, the PEA responsiveness of guanylyl cyclase was influenced by prior effect on adenylyl cyclase sensitivity to PEA (Figure 7 ) and no difference in PEA sensitivity in PEA-exposed exposure to PEA and maturational status. Between February and November, there was a small (20%) but versus PEA-naive cilia. Forskolin stimulated adenylyl cyclase activity five-to ninefold in all eight experiments, significant increase in olfactory guanylyl cyclase activity University of Washington coho salmon typically spawn in mid-tolate November. Data represent the ratio (R) of the fold stimulation of guanylyl and adenylyl cyclase activity by 10 Ϫ7 M PEA in olfactory Figure 6 . Sensitivity of Guanylyl Cyclase to PEA in Cilia Isolated cilia isolated from PEA-exposed versus cilia isolated from PEA-naive from PEA-Exposed and Naive Salmon during Maturation coho salmon during the year prior to spawning. R ϭ (AIP/ AIC)/ Cilia were prepared from 10 PEA-exposed or PEA-naive salmon.
(ANP/ ANC). AIP ϭ specific activity of cyclase isolated from PEABrain membranes were prepared from PEA-exposed fish. Cilia were imprinted fish in the presence of 10 Ϫ7 M PEA. AIC ϭ specific activity isolated on November 3, 1990 and assayed for guanylyl cyclase of cyclase isolated from PEA-imprinted fish in the absence of PEA. activity in the presence of 2.5 mM MnCl 2 , 0.5% Lubrol PX, and PEA ANP ϭ specific activity of cyclase isolated from PEA-naive fish in as indicated. Basal activities in exposed cilia, naive cilia, and brain the presence of 10 Ϫ7 M PEA. ANC ϭ specific activity of cyclase membranes were 521.6 Ϯ 37.0, 505.9 Ϯ 39.8, and 892.4 Ϯ 79.4 pmol isolated from PEA-naive fish in the absence of PEA. cGMP formed/mg/min, respectively.
PEA concentrations higher than 10
Ϫ5 M. There was no in both PEA-exposed and naive cilia at PEA concentraincrease in basal guanylyl cyclase activity during this tions from 10 Ϫ9 to 10 Ϫ7 M ( Figure 5B ). This stimulation period. In mid-to-late November, there was again no by PEA was consistently seen in seven independent difference in PEA sensitivity in PEA-exposed versus experiments. These data suggest that olfactory cilia ex-PEA-naive cilia (Figure 7 ). Guanylyl cyclase activity in press low levels of PEA receptors, even in unconditioned brain membranes was not affected by PEA at any time fish ( Figures 5C and 5D ). During this period, there was ( Figures 5B and 6 ). no difference in PEA sensitivity in PEA-exposed versus PEA-naive cilia (Figure 7) .
Although the mechanism for PEA stimulation of guaDiscussion nylyl cyclase was not determined in this study, it is apparently not dependent upon G-protein coupling, since Imprinted Odorants Stimulate Guanylyl Cyclase During a Narrow Window neither pertussis toxin pretreatment nor GppNHp affected PEA stimulation of guanylyl cyclase ( Figure 5C ).
Associated with Maturation
Taken together, the results of this study suggest that Furthermore, inhibitors of soluble guanylyl cyclase, LY83583 and methylene blue, also did not affect PEA exposing coho salmon to a specific odorant during a sensitive period for imprinting results in sensitization stimulation of salmon cilia guanylyl cyclase ( Figure 5D ). Interestingly, mRNA for receptor guanylyl cyclase D has of olfactory cilia guanylyl cyclase to the conditioning odorant. Furthermore, these changes in guanylyl cybeen detected in a subpopulation of rat olfactory neurons, suggesting that it mediates odorant signaling (Fü lle clase sensitivity to PEA were only apparent during a brief period just prior to spawning, two years after odor et al., 1995). Although receptor guanylyl cyclase in fish has not been extensively characterized, fish do express exposure. This narrow window of guanylyl cyclase sensitivity to PEA occurs at the same time populations of receptors for natriuretic peptides (Cerra, 1994) .
In cilia isolated in early November, just prior to spawncoastal coho salmon (including the University of Washington population used in this study) normally return ing, PEA elicited a dose-dependent 1.8-to 2.0-fold increase in guanylyl cyclase activity in cilia from to their natal site at the end of their homing migration (Weitkamp et al., 1995) . This is a period when enhanced PEA-exposed salmon but not PEA-naive fish (p Ͻ 0.005; Figures 6 and 7) . Interestingly, stimulation of guanylyl olfactory sensitivity to imprinted odors is most important for successful homing. The temporal pattern of guanylyl cyclase activity in PEA-exposed cilia was highest at 10 Ϫ7 M PEA, the same PEA concentration salmon were cyclase sensitivity to PEA parallels previous electrophysiology studies with coho salmon imprinted to the exposed to as smolts. Stimulation by PEA fell off at odorant morpholine (Hasler and Scholz, 1983) . During This delayed response has been attributed to a secondary stimulation of soluble guanylyl cyclase mediated via maturation, olfactory sensitivity to morpholine increased in imprinted salmon, peaked just prior to spawning, and carbon monoxide or nitric oxide (Broillet and Firestein, 1996) . In this scenario, PEA activation of cGMP may subsequently declined to prematuration levels after spawning. The morpholine responses of fish unexposed be important in modulating the excitable properties of individual cells or neighboring cells in the olfactory epito morpholine did not change during maturation. Similarly, precocious Atlantic salmon parr were only sensithelium during the homing migration (Breer and Shepherd, 1993; Leinders-Zufall et al., 1996) . Cyclic GMP has tive to a putative pheromone, testosterone, during a brief period just prior to spawning (Moore and Scott, been shown to modulate relaxation of outward currents in coho salmon olfactory receptor cells at certain life 1991).
The enhanced sensitivity of the olfactory system to stages (Nevitt and Moody, 1992) . specific odorants during maturation may be associated with reproductive hormone levels. In coho salmon, Cellular Mechanisms of Olfactory Imprinting One of the most interesting aspects of the olfactory surges in plasma levels of the reproductive hormone gonadotropin II and several steroid hormones occur just imprinting described in this study is the developmental expression of sensitivity to the conditioning odorant. prior to spawning and coincide with enhanced olfactory sensitivity (Fitzpatrick et al., 1986 , 1996) . During the PST, there are changes in gene expression in the olfactory epithelium (Shimizu et al., (Hasler and Scholz, 1983) , and androgen treatment of a cyprinid fish enhanced peripheral olfactory sensitivity 1995) and a period of enhanced olfactory sensitivity (Morin and Døving, 1992) . Since even unexposed fish to a specific putative sex pheromone (Cardwell et al., 1995) . The effect of reproductive hormones on guanylyl show some PEA stimulation of guanylyl cyclase, we hypothesize that during the PST there is a proliferation cyclase expression and activity in olfactory neurons has not been investigated.
of ORNs and activity-dependent survival of olfactory sensory neurons expressing receptors for the conditioning odorant. The mechanism by which guanylyl cyclase The Role of Guanylyl Cyclase sensitivity to imprinted odorants is maintained silently in Olfactory Signaling until maturation is not clear but may involve hormoneRecently, it was discovered that rat olfactory neurons induced up-regulation of specific odor receptors linked express a guanylyl cyclase receptor that may act as to guanylyl cyclase. This phenomenon is apparently not a new family of chemoreceptors and a unique cGMPdue to a general up-regulation of olfactory guanylyl cystimulated phosphodiesterase (Julifs et al., 1997; Yu et clase at maturation, because neither basal activity nor al., 1997). What role does guanylyl cyclase play in olfacthe amino acid sensitivity of guanylyl cyclase was aftory recognition of PEA by coho salmon? Guanylyl fected by maturation. cyclase activity in cilia but not brain membranes was
In conclusion, this study demonstrates a molecular stimulated slightly by PEA at all life stages. During matucorrelate for sensitization of the peripheral olfactory ration, PEA elicited a twofold stimulation of guanylyl system to biologically relevant odors. Exposure to an cyclase in cilia isolated from salmon previously exposed odorant during a sensitive period for imprinting resulted to this odorant. These results indicate that guanylyl in enhanced sensitivity of olfactory guanylyl cyclase accyclase stimulation is odor-specific and suggest a direct tivity to that odorant. Furthermore, enhanced guanylyl role for cGMP in olfactory signaling. In other vertebrates, cyclase sensitivity was only observed 2 years after odorcyclic nucleotide-gated cation channels located in olant exposure, when salmon are normally completing factory neurons are thought to mediate membrane detheir homing migration and olfactory sensitivity to impolarization in response to odorant-stimulated cAMP printed odors may be most important. The data presignaling (Nakamura and Gold, 1987; Goulding et al., sented suggest that the salmon olfactory system may 1992). These channels are equally sensitive to cGMP provide a useful vertebrate model for studying plasticity and cAMP (Nakamura and Gold, 1987; Goulding et al., and signaling in the olfactory system. While the process 1992). Olfactory-specific membrane receptor forms of of olfactory imprinting is intimately linked with the guanylyl cyclase display expression patterns in the olunique life history of salmonids, odorant-specific sensifactory epithelium similar to that of G protein-coupled tization of the peripheral olfactory system also occurs odor receptors (Fü lle et al., 1995) . Although no odorant in several mammalian species (Wang et al., 1993 ; Semke ligand has been identified for membrane receptor guaet al., 1995) . The mechanisms underlying olfactory imnylyl cyclase, PEA could directly stimulate a membrane printing in salmonids may reflect a more general phereceptor guanylyl cyclase. In fact, the data reported in nomenon of olfactory learning in other animals. sults in stimulation of guanylyl cyclase. Odorant activacoho salmon eggs from adult salmon that returned to spawn at the tion of guanylyl cyclase has been reported in rat and University of Washington (UW) hatchery. Fish were reared at the catfish olfactory cilia, but cGMP increases were slower UW until the following spring, when they were separated into experimental and control groups. The experimental group was exposed to and longer lasting than cAMP and IP3 (Breer et al., 1992) .
10
Ϫ7 M PEA for 10 days during PST, a sensitive period for imprinting. 10.0 mM MgCl2 or 2.5 mM MnCl2, 1.0 mM dithiothreitol, 0.5 mM 3-isobutyl-1-methylxanthine, 0.1% bovine serum albumin, 20 mM Experimental and control fish (which never experienced PEA) were given distinct marks, transferred to a freshwater rearing facility, and phosphocreatine, and 100 units/ml creatine phosphokinase in 50 mM Tris-HCl [pH 7.5] in a final volume of 100 l. After 20 min at reared communally until they matured in either fall 1989 or 1990.
22ЊC, reactions were terminated by adding 0.5 ml of ice-cold stop solution (1.0 mM GTP and 5.0 mM [ 3 H]-cGMP [6000 cpm/mol]) and Behavioral Assay for Imprinting 50 l 50% TCA. [ 32 P]-cGMP production was measured as described PEA recognition experiments were conducted in a two-choice maze by Nesbitt et al. (1976) . All assays were performed in triplicate with constructed in a controlled flow spawning channel. Water in the freshly prepared cilia and membranes. channel was unfamiliar to all experimental fish. A two-choice maze and experimental protocol were used to monitor imprinting to the odorant PEA. Briefly, the maze was 39 m long, with the extreme Acknowledgments upstream section divided into two arms by a barrier extending downstream from the channel inlet. Traps in each arm allowed fish to We wish to thank B. Smith, J. Silverstein, and G. Yokoyama for move upstream into either arm but did not allow them to leave.
assistance with fish rearing and L. Baker, J. Beavo, W. Dickhoff, W. Twenty-five mature tagged salmon from each PEA exposure group Roberts, and J. Silverstein for their helpful comments. This work were released into the maze. Fish were allowed to move freely within was supported by a National Institutes of Health grant (NS 20498) the maze until they entered a trap. Each day, trapped individuals to D. R. S. and a National Science Foundation grant (BNS 8908697) were removed and identified, and their arm choice was recorded.
to T. P. Q. A. H. D. was supported by a National Institute of EnvironTwice each week, new fish from each treatment were released into mental Health Science training grant (ES07032). G. A. N. was supthe maze to maintain the original density. We continued this proceported by a National Institutes of Health training grant (GM07108-dure until 110 fish from each treatment had been tested. Initially, 14). Correspondence should be addressed to D. R. S. (e-mail, no PEA was pumped into the maze channel and the arm choices dstorm@u.washington.edu). of the fish were recorded ( Figure 1B , open bars). PEA was then continuously pumped into the least preferred arm (arm B) and the Received December 9, 1996; revised July 2, 1997. arm choices were recorded ( Figure 1B , closed bars). PEA concentrations in the two-choice maze averaged at 5 ϫ 10 Ϫ8 M. The responses of the experimental groups in the presence and absence of PEA were References compared using chi-square contingency analysis. We assumed that all fish were acting independently. Fish which did not enter either Anholt, R.R.H., and Rivers, A.M. (1990) . Olfactory transduction: cross trap were excluded from the analysis. talk between second messenger systems. Biochemistry 29, 4049-4054.
Isolation of Olfactory Cilia
Bakalyar, H.A., and Reed, R.R. (1990) . Identification of a specialized Olfactory cilia for adenylyl cyclase assays were isolated from coho adenylyl cyclase that may mediate odorant detection. Science 250, salmon rosettes using the calcium shock procedure described by 1403-1406. Chen et al. (1986) , except where noted. All procedures were perBoekhoff, I., Tarelius, E., Strottmann, J., and Breer, H. (1990) . Rapid formed at 0ЊC-4ЊC, and cilia were prepared fresh for each experiactivation of alternative second messenger pathways in olfactory ment. Briefly, rosette tissue was quickly excised and washed three cilia from rats by different odorants. EMBO J. 9, 2453-2458. times in ice-cold buffer A (100 mM NaCl, 2.0 mM EDTA, 30 mM TrisBreer, H., and Shepherd, G.M. (1993) . Implications of the NO/cGMP HCl [pH 7.5], 1.0 mM PMSF, 0.5 g/ml leupeptin, and 1.0 g/ml system for olfaction. Trends Neurosci. 16, 5-9. pepstatin A). Cilia were detached in the presence of 10 mM CaCl 2, Breer, H., Boekhoff, I., and Tarelius, E. (1990) . Rapid kinetics of and precipitated cilia membranes were washed and resuspended second messenger formation in olfactory transduction. Nature 345, in Buffer B (3.0 mM MgCl2, 2.0 mM EDTA, 10.0 mM Tris-HCl [pH 65-68. 7.5], 1.0 mM PMSF, 0.5 g/ml leupeptin, and 1.0 g/ml pepstatin A). Membranes from ciliated and deciliated olfactory epithelium and Breer, H., Klemm, T., and Boekhoff, I. (1992) . Nitric oxide mediated other tissues were prepared by polytron homogenizing (60 s, 0ЊC, formation of cyclic GMP in the olfactory system. Neuroreport 3, setting 5) in Buffer A, centrifuging at 1,000 ϫ g to remove debris and 1030-1032. then centrifuging the resulting supernatant at 20,000 ϫ g. Pelleted Broillet, M.C., and Firestein, S. (1996) . Gaseous second messengers membranes were resuspended in Buffer B and immediately asin vertebrate olfaction. J. Neurobiol. 30, 49-57. sayed. Cilia and other membranes for guanylyl cyclase assays were Brostrom, C.O., Huang, Y.C., Breckenridge, B.M., and Wolfe, D.J. prepared as described above, except all buffers contained 10 mM (1975) . Identification of a calcium-binding protein as a calciumNaF and 10 mM benzamadine in place of PMSF. For experiments dependent regulator of brain adenylate cyclase. Proc. Natl. Acad. comparing control and pertussis toxin (PTX) treated cilia, cilia were Sci. USA 72, 64-68. pretreated in the presence or absence of 200 ng/ml preactivated Brunet, L.J., Gold, G.H., and Ngai, J. (1996) . General anosmia caused PTX for 30 min at 30ЊC.
by a targeted disruption of the mouse olfactory cyclic nucleotidegated cation channel. Neuron 17, 681-693.
Adenylyl Cyclase Assay
Buck, L., and Axel, R. (1991) . A novel multigene family may encode Adenylyl cyclase activity was determined by adding membranes odorant receptors: a molecular basis for odor recognition. Cell 65, (1.0-10.0 g of protein) to an assay solution containing 1.0 mM 175-187. a-[ 32
